Abstract. Radio galaxies are intensively discussed as the sources of cosmic rays observed above about 3 EeV, called ultra-high-energy cosmic rays (UHECRs). Here, the key issues from a recent investigation are summed up, where the individual characteristics of radio galaxies, as well as the impact by the extragalactic magnetic-field structures up to a distance of 120 Mpc has been taken into account. It is shown that the average contribution of radio galaxies taken over a very large volume cannot explain the observed features of UHECRs measured at Earth. However, we obtain excellent agreement with the spectrum, composition, and arrival-direction distribution of UHECRs measured by the Pierre Auger Observatory, if we assume that most UHECRs observed arise from only two sources: The ultra-luminous radio galaxy Cygnus A, providing a mostly light composition of nuclear species dominating up to about 60 EeV, and the nearest radio galaxy Centaurus A, providing a heavy composition dominating above 60 EeV. Here we have to assume that extragalactic magnetic fields out to 250 Mpc, which we did not include in the simulation, are able to isotropize the UHECR events at about 8 EeV arriving from Cygnus A.
Introduction
The origin of the Ultra-High-Energy Cosmic Rays (UHECRs) is still one of the great enigmas of modern astrophysics. Basically, there are three main observational characteristics, from observatories like the Pierre Auger Observatory (Auger) in the southern hemisphere, and the High Resolution Fly's eye (HiRes) as well as the Telescope Array (TA) experiments in the northern hemisphere, that describe our current knowledge of the UHECRs:
(1.) The energy spectrum, which changes above ∼ 3 EeV -the so-called ankle -to a flatter power-law distribution with a spectral index of 2.6 and a sharp flux suppression above about 10 19.5 eV [1, 2] . (2.) The chemical composition, that shows an increase of the fraction of heavier elements above 10 18.3 eV [3, 4, 5] . (3.) The arrival directions, where recently Auger reported a 5σ detection of a dipole with an amplitude of ≈ 6.5% in the UHECR arrival directions, while higher-order multipoles are still consistent with isotropy [6] .
According to a recent study by Eichmann et al. [7] -hereafter referred to as E+18 -one of the key questions in this field (still) is: Can the origin of those extremely energetic particles be explained by radio galaxies?
In this paper, the extensive outcome of E+18 is summed up and discussed in the light of subsequent follow-up investigations. The UHECR propagation simulations in E+18 comprise three components: (a) a 3D structure of radio galaxies and EGMF within a radius of 120 Mpc; (b) a continuous source function derived from a luminosity function of radio galaxies for the contributions from beyond 120 Mpc; (c) a contribution of the powerful radio galaxy Cygnus A, which is near the magnetic horizon and is expected to deliver the dominant contribution to UHECRs due to its extreme radio power and brightness. All simulations are carried out with CRPropa3 [8] .
2. Radio Galaxies as UHECR accelerators Radio galaxies and in particular their jets are suitable sites for first-order Fermi acceleration at their discontinuities, as shown in numerous works in the past. Since the Fermi acceleration process is only dependent on rigidity, abundances f i of different nuclear species with charge Z i measured at a given rigidity R remain unchanged in the acceleration process. The abundances at injection, however, will depend on the environment or details of the injection process. In E+18, we suggest a simple relation where particles are injected at some minimal rigidityŘ with abundances f i = f Z q i , where f denotes solar abundances, that enables to increase the heaviness of the composition based on a single parameter q.
As shown in great detail in E+18, the established correlation between the jet power Q jet and the extended radio luminosity L 1.1 from Willott et al. [9] gives for the minimal energy condition [10] a good estimate of the cosmic ray luminosity
and the maximal rigidityR
where L ≈ 4.9 × 10 40 erg/s denotes a characteristic luminosity according to Mauch and Sadler [11] . In doing so, we suppose that the total power in CRs is significantly higher than in relativistic electrons. From the uncertain efficiency of converting jet internal energy into observable radio luminosity, as well as the uncertain details of the acceleration process we obtain the dimensionless coefficients 1 g cr 50 and 0.01 g acc 0.5 .
Introducing different nuclei species i with charge number Z i and an abundance f i , the total cosmic ray power per charge number yields
3. Simulation setup While the previously introduced physics are used to characterize the individual CR sources, the Monte Carlo based algorithm of CRPropa3 [8] is used to describe the propagation of UHECR nuclei in extragalactic background light, i.e. the cosmic microwave background (CMB) and the UV/optical/IR background (IRB), and cosmic magnetic fields. For the latter, the local EGMF structure from Dolag et al. [12] -hereafter referred to as D05 -which extends up to a distance of 120 Mpc as well as the GMF model of Jansson & Farrar [13] is adopted. However, an impact on the energy distribution by the GMF, i.e. energy losses or rigidity dependent arrival probabilities, is not taken into account. Due to rather technical issues like the limited EGMF structure and a limited CPU time, there is a need to distinguish the source contributions in the simulation setup.
Local sources
Sources up to a distance of 120 Mpc from Earth, called local RGs, are treated as individual sources in a 3D simulations, where the impact of cosmic magnetic fields is taken into account.
To obtain a complete sample of radio galaxies powerful enough to contribute to the UHECR spectrum we use the catalog of van Velzen et al. [14] -hereafter referred to as vV12 catalog. After excluding 52 starforming galaxies, we are finally left with 121 radio galaxies within the considered volume, predominantly of FR-I type. Due to the flux limitation of the catalog as well as the limited sky coverage (88%), the catalog misses a multiplicity of predominantly low luminous, rather distant RGs. In E+18 it is described in great detail, that the radio luminosity function (RLF) can be used to complete the sample, however, the resulting contribution of these missing sources to the total UHECR flux is shown to be negligible. Thus, each source isotropically emits an individual UHECR flux that is absolutely normalized based on its CR power (1) and provides a maximal rigidity according to Eq. (2).
Average non-local sources
Sources beyond a distance of 120 Mpc from Earth, called non-local RGs, are treated by a continuous source function (CSF) in a 1D simulation, where only the impact of cosmic photon targets is taken into account. In doing so, the local CSF, Ψ i,0 (R), is derived as
using the local RLF, dN RG /(dV dQ cr ), and the CR spectrum, S i R,R(Q cr ) , of element species i with charge number Z i , emitted by a source with total cosmic ray power per charge number, Q cr,i , up to a maximal rigidityR(Q cr ). The limits of integration are the smallest,Q cr , respectively largest,Q cr , CR powers we need to consider. To solve the integral analytically, as shown in E+18, a sharp cutoff of the individual source spectra atR(Q cr ) is supposed. The function Ψ i,0 (R) is the local continuous source function as it is derived from a radio luminosity function determined in the local universe (z < 0.3). To extend it to larger redshifts, we use the approximation
where m ∈ [2, 4] is called the source evolution index. The analytical solution of the CSF (6) shows a spectral break at a critical rigidity
with Ψ i (R < R * , z) ∝ R −a , where a denotes the spectral index of the individual sources, and Ψ i (R > R * , z) ∝ R −3 or even steeper. This means that for light nuclei the spectral index in the UHECR regime is too steep to explain the observed UHECR spectrum (as propagation will make the spectrum even steeper). For heavy nuclei, eZR may be large enough to allow UHECR spectra consistent with the data, but this would mean that they have to dominate in the entire UHECR regime, which is inconsistent with the measured composition. We can therefore already get to the preliminary conclusion that the cosmic-ray spectrum averaged over the radio luminosity function cannot explain the known UHECR data.
Cygnus A
The UHECR contribution by non-local, ultra-luminous RGs like the FR II source Cygnus A is not contained in the previously introduced average non-local source contribution (6) . Although, Cygnus A with a CR luminosity Q cr (L) = 1.3 × 10 45 g cr erg/s and a corresponding maximal rigidityR(L) = 62.6 g acc √ g cr EV at a distance of 255 Mpc [14] , represents an ideal UHECR accelerator. Due to the lack of a reliable EGMF structure out to its distance as well as other technical limitations, we use a simplified approach where deflections in the EGMF are neglected.
Nevertheless, we are still able to normalize the flux in the same manner as we do it for the other sources. Deflections by the EGMF are then estimated using a homogeneous random field with a given mean field strength and coherence length. Deflections inside the Galaxy can still be applied in the usual way.
Best-fit results
Finally, the previously introduced parameters within their plausibility ranges, i.e. the spectral index a ∈ [1.7, 2.2], the cosmic-ray load g cr ∈ [1, 50], the acceleration efficiency g acc ∈ [0.01, 0.5], and the abundance parameter q ∈ [0, 2], are used to fit the observational data of the flux and mean logarithm of the mass number, ln(A) , above 5 EeV from Auger. The source-evolution parameter was fixed to m = 3 as its influence is mainly important below the ankle [15] . The normalization of the observed ln(A) data depends strongly on the used hadronic interaction model, therefore the fitting is performed for the three different contemporary models, QGSJetII-04, Epos-LHC, and Sibyll2.1, that have been used by Auger [4] .
The first fit approaches showed that the UHECR data cannot be explained, if all sources provide the same parameter values.
So, we enabled exceptional values for certain parameters of the dominant sources (as summarized in table 1) and obtained an accurate explanation of the observational data as shown in Fig. 1 . As indicated by the reduced chi-squared value χ 2 , the accuracy of the fit does not significantly differ with respect to the used hadronic interaction model. The results show that the UHECR data is accurately explained by the CR contributions from Centaurus A and Cygnus A with an isotropically ejected CR power above the ankle of Q CenA uhecr 2 × 10 43 erg/s and Q CygA uhecr 2 × 10 47 erg/s, weakly dependent on the chosen scenario or the hadronic interaction model, while the contribution of all other RGs is irrelevant. In particular the average non-local sources are kept negligible by a significantly smaller parameter value ofḡ cr compared to the values of Centaurus A or Cygnus A due to its steep spectral behavior. However, an inclusion of some data below the ankle might also increase its significance, and the value ofḡ cr could become comparable to the one from Centaurus A and Cygnus A. Upper index of the parameter indicates the corresponding source (Centaurus A or Cygnus A), bar on top of the parameter corresponds to all sources except Centaurus A and Cygnus A
To estimate EGMF deflections for Cygnus A, we derived the rms deflection angle for a distance d = 255 Mpc analytically [16] by
where we used an approximated mean candidate energyĒ k = (E k + E * k )/2, an approximated mean candidate charge numberZ k = (Z k + Z * k )/2, and used as the rms strength B rms = 1.18 nG of the D05 field. Further, a correlation length 0.1 Mpc ≤ λ c ≤ 10 Mpc is assumed, as for λ c 0.1 Mpc we obtained negligible deflections, whereas in the case of λ c 10 Mpc the UHECRs with E i 10 EeV from Cygnus A were completely isotropized. Using the previously derived best-fit parameters the Fig. 2 shows the resulting angular power spectra of the arrival directions for different deflection scenarios: Three different coherence lengths λ c of a turbulent field with B rms = 1.18 nG, as well as the case of the complete isotropization (i.e. λ c 10 Mpc), and the complete isotropization where initial H and He candidates from Centaurus A are excluded. The latter assumption does not affect the total energy spectrum or the chemical composition, but lowers the level of anisotropy and improves consistency with the data set at 4−8 EeV. The motivation for this is that models for a particular heavy enhancement of Centaurus A would expect a pure heavy composition [17] . We also note that at 4−8 EeV an impact of cosmic rays from the Galaxy or other extragalactic components cannot be excluded, and that at E > 8 EeV our results are in good agreement with the data, for the case that UHECR from Cygnus A are completely isotropized. Further, an agreement with the observed arrival directions at energies E > 8 EeV is obtained for
i.e. a global coherence length λ c = 26 Mpc in the case of a rms field strength of B rms ≥ 1.18 nG. Auger data, E > 8.0EeV
Figure 2: Angular power spectrum with isotropized (solid and dash-dotted line) and nondeflected (dashed line) Cygnus A events for 4 EeV ≤ E ≤ 8 EeV (left), and E > 8 EeV (right) using best-fit parameters in the case of Sibyll2.1 (see table 1 ).
Discussion
The most solid conclusion that can be drawn is that an average contribution of all radio galaxies cannot explain both spectrum and composition of UHECR. The second conclusion is, that we need some outstanding, individual sources which explain the cosmic ray flux above the ankle. Here, two sources recommend themselves: Cygnus A, the by far brightest radio galaxy in the sky, and Centaurus A, the second-brightest radio galaxy and also the one nearest to Earth. In doing so, either both sources have a cosmic ray load significantly above the average of the bulk of radio galaxies, or the average non-local source contribution explains the CRs between ∼ 1 EeV and the ankle, which seems likely due to its spectral behavior. In addition, it cannot be ruled out that there is also a significant contribution by the other two exceptionally bright local radio galaxies, M87 and Fornax A, but as showed in E+18 they cannot solve the issue alone -Centaurus A is needed.
The third conclusion is that Cygnus A needs to provide a solar-like composition, at least if its contribution dominates over the average of the bulk of radio galaxies at the ankle, while Centaurus A needs to have a heavy composition, with an iron fraction comparable to protons at a given cosmic-ray energy.
A necessary condition for all this to work is that UHECRs from Cygnus A are significantly deflected by the EGMF. We estimate that for λ 1/2 c B rms = 6 Mpc 1/2 nG all anisotropy constraints at energies > 8 EeV are satisfied.
Finally, the dominance of a few single sources, whereof Centaurus A is only visible by Auger and Cygnus A is predominantly visible by TA, indicates the need for future investigations that include the impact of the GMF as well as the geometrical exposure of the experiments on the UHECRs from these sources. Further, the influence of the EGMF on the energy spectrum and composition of Cygnus A needs to be taken into account and a possible average contribution by the bulk of radio galaxies between the ankle and the second knee needs to be investigated.
